Characterization of acid-base transport mechanisms in the kidney cell line RCCT-28A  by Bello-Reuss, Elsa et al.
Kidney International, Vol. 43 (1993), pp. 173—1111
Characterization of acid-base transport mechanisms in the
kidney cell line RCCT-28A
ELSA BELLO-REUSS, with the technical assistance of LEIGH CABELL-KLUCH
and YUZHEN PAN
Department of Internal Medicine, Division of Nephrology, University of Texas Medical Branch, Galveston, Texas, USA
Characterization of acid-base transport mechanisms in the kidney cell
line RCCT-28A. RCCT-28A cells, a continuous cell line of rabbit
cortical collecting tubule origin, have been found to exhibit apical
peanut-lectin binding, basal band-3 immunostaining and a transepithe-
hal electrical resistance of 246 37 Cl cm2. For the studies reported,
confluent monolayers of RCCT-28A cells were grown on permeable
wells and incubated in a control solution or in alkaline solutions by
lowering PCO2. Equivalent H fluxes (JH+) into the apical solution
(nmol min' cm2) were measured in the absence of drugs and in the
presence of: amiloride (A, l0 M), N-ethylmaleimide (NEM, 5 mi) and
omeprazole (OM, 100 /tM) in the apical solution. After preincubation in
control solutions JH+ was 21 2 while A had no effect. Addition of
NEM diminished to 12 2 (P < 0.005), and OM diminished
to 2 2 (P < 0.001 vs. control). Monolayers incubated at low PCO2 had
a basal JH+ of 11 5. No effect on JH+ could be demonstrated under
these conditions by addition of NEM or OM. Removal of K from the
apical solution diminished apical acidification by 60%. The inhibitor of
H ,K-ATPase Schering 28080 (SCH) was tested at different concen-
trations and an inhibitory effect was demonstrated (JH+ — 2 I vs. 18
1, SCH vs. control, respectively). Probenecid and bafilomycin-A also
decreased apical acidification and an apical base-equivalent extrusion
was apparent under the inhibitors effect. JH+ was abolished by removal
of C1 from the basolateral solution. These results are compatible with
a H-ATPase coexistent with a H,K-ATPase on the apical mem-
brane and a basolateral membrane Cl/HCO exchanger. An apical
base extrusion mechanism operating simultaneously with the W extru-
sion is suggested.
Recently Arend et al [1] have developed a new cortical
collecting duct cell line (RCCT-28A). These cells, originating
from primary cultures of immunodissected rabbit cortical col-
lecting tubules (CCT), were immortalized by infection with the
adenovirus Ad12-SV4O. RCCT-28A cells were obtained by
limited dilution from cells that continued to proliferate after
several passages and retained epithelial morphology. These
cells respond to isoproterenol, prostaglandin E2, calcitonin and
adenosine-receptor agonists with 7- to 15-fold increases in
cAMP production [1].
RCCT-28A cells were reported to be 100% fluorescence
positive to FITC-labeled peanut-lectin [1]. In the rabbit cortical
collecting tubule this trait was considered to be marker for the
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bicarbonate secreting cell [2], and this finding suggested that the
RCCT-28A cell line could represent a model for the bicarbonate
secreting cell. Consequently, the study of the mechanisms of
proton and base extrusion and its regulation by RCCT-28A cells
could be valuable to clarify the process(es) regulated by the
/3-intercalated cells of the cortical collecting duct in vivo,
eliminating the confounding contribution to acid-base and other
transport processes resulting from the function of principal cells
and acid-secreting intercalated cells.
In the present study, the acid-base transport properties of
these cells were studied in confluent monolayers preincubated
in different acid-base conditions with or without the use of
transport inhibitors. RCCT-28A cells were found to secrete H
into the apical solution. Acid secretion was inhibited by prein-
cubating the monolayers in alkaline solution. Immunostaining
and functional evidence for an H-pump in the CCT has been
reported [3, 4], as well as biochemical and immunological
evidence for the existence of a H,K-ATPase in the same
segment [5, 6]. We report functional evidence for the coexist-
ence at the apical membrane in these cells of both an N-ethyl-
maleimide (NEM) and bafilomycin-sensitive H + secreting
mechanism (presumed to be a H-ATPase); an omeprazole
(OM)- and Schering 28080- sensitive H secretion, (presumed
to correspond to a W ,K-ATPase) and a probenecid-sensitive
mechanism that reduced apical acidification.
Methods
Apical acidification
RCCT-28A cells were a gift from Dr. W. Spielman. Cells from
passages 8 to 16 were seeded at a density of 1 x 106 cells/mI.
The cells were cultured until confluence in suspended wells
made by gluing a perforated (10 pm diameter pores) transparent
polycarbonate membrane (Poretics, Livermore, California,
USA) to polycarbonate rings. The inner surface area of the well
was 2.83 cm2. The membrane was covered by a layer of
reconstituted collagen purified and prepared in our laboratory
by the method of Ehrmann and Gey [7]. Small (1 mm) feet made
of polycarbonate elevate the wells from the outside petri dish
allowing for feeding the cultures from both apical and basolat-
eral sides [8, 9]. Cells were grown in Dulbecco's modified Eagle
medium (Gibco, Grand Island, New York, USA) with a final
bicarbonate concentration of 28 m, supplemented with 10%
fetal calf serum, pH 7.5 in an atmosphere of 5% CO2 at 37°C.
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Confluent RCCT-28A cells were preincubated for 20 hours in
control medium (28 mM HCO, 5% C02, pH 7.5) or at low
PCO2 (28 mi HCO, air C02, pH 8.5), simulating, broadly, the
condition of respiratory alkalosis.
The monolayers were then transferred to a modified Ussing
chamber placed inside a thermoregulated Leiden chamber
(Medical Systems Corp., Great Neck, New York, USA). The
chamber is designed to maintain a gas curtain over the mono-
layers, keeping a constant PCO2. The tissues were perfused
with a low buffering power solution containing (in mM) 140
NaCl, 5 KC1, 1 HEPES, 1 MgSO4, 1.8 CaCl2, 8.3 glucose and 5
alanine equilibrated with air (calculated: [HCOfl = 120 LM),
pH 7.4 (apical flow rate 17 mllmin, basal side flow rate 5
mi/mm). In the experiments requiring nominal absence of
chloride, Cl was substituted by cyclamate. The pH of the
apical solution was calculated from the difference between the
voltage of a small pH electrode and the transepithelial mem-
brane voltage, during a one minute stop of the apical superfu-
sion. Apparent H fluxes (JH+), were calculated as described
by Weinman and Reuss [10] from the equation:
H + = 13 pH0 V/(A t)
where J+ is the apparent H flux (mol . min' cm2), 13 is
the buffering power (mol . liter pH unit'), zpH0 is the pH
change in the apical solution, V is the volume of the apical
solution (liters), A is the exposed tissue culture area, and t was
one minute.
A very high impedance electrometer (1015 Ohm, model
FD223, WP Instruments, New Haven, Connecticut, USA) was
used for the measurement of voltage with the pH electrode. The
pH electrodes had slopes of 56 2 mY per pH unit and were
calibrated with HEPES-buffered solutions of the same ionic
composition as the superfusion solution, spanning from pH 6.4
to 8.4. No significant interferences were found for Nat, K or
Cl. Voltages were monitored in a storage oscilloscope (Tek-
tronix, Beaverton, Oregon, USA), digitized and transferred to
an IBM personal computer for storage and later analysis. The
buffering power of the different solutions utilized was experi-
mentally measured by titration; the titration curves were linear
within the range of changes measured. Salt-agar bridges of the
same composition of the 1 m HEPES-Ringer solution (exclud-
ing organic compounds) were used to monitor transepithelial
voltage in the experiments in which apical solution pH was
measured. In the instances requiring ion substitutions, the
composition of the bridges was modified to exclude the ion
under study. The basolateral side was grounded. In preliminary
experiments voltage across the monolayers and the intracellular
voltage were measured using KC1 flowing-junction bridges and
conventional microelectrodes filled with 3 M KCI with resis-
tances of 60 to 80 Mfl, as previously described [8, 91. Positive or
negative square-current pulses (0.6 to 3 1A, 3-s duration) were
applied to measure the transepithelial resistance. The current
passing electrodes were silver chloride wires located on a line
perpendicular to the center of the preparation at a maximal
distance from the monolayer or spiral-shaped electrodes of the
same material designed to improve homogeneity of the current
passed across the monolayers. No difference was found with
either method in the measured resistance. The changes in
transepithelial voltage elicited by the current pulse were mea-
sured with a pair of electrodes located near the center of the
monolayer on the apical and basolateral side, respectively.
Correction for series resistance was made by passing current
pulses after removing the cells from the collagen membrane at
the end of the experiment.
After the 20 hours of preincubation in the different experi-
mental solutions the monolayers were transferred to the 1 mM
HEPES-buffered solution, and JH+ was determined under
baseline conditions, without inhibitors added, and during expo-
sure to the apical side of either amiloride (1 m, a gift from
Merck-Sharp & Dohme Research Laboratory, Division of
Merck-Sharp and Dohme, Rahway, New Jersey, USA), n-eth-
ylmaleimide (NEM, 5 mtvi, Sigma Chemical Co., St. Louis,
Missouri, USA), or omeprazole (OM, 100 A.M, a gift from A. B.
Hassle, Molndal, Sweden). Additional experiments were per-
formed to determine: the dose-response curve to NEM in
monolayers preincubated in control conditions; to bafilomy-
cm-A (from Dr. K. Altendorf, OsnabrUck University, Osna-
brfick, Germany); to probenecid (Sigma); and the effect of the
H ,K-ATPase inhibitor Schering 28080 (SCH, a gift from
Schering Corporation, Bloomfield, New Jersey, USA) at differ-
ent concentrations and at different [K]. A time-course control
was performed by measuring JH+ twice during six periods of 10
minutes each with pauses of about 10 minutes between periods.
Fluorescence determinations
A Nikon microscope equipped for fluorescence determina-
tions was used for the measurement of tetramethyirhodamine
isocyanate-peanut-lectin fluorescence (Sigma). The microscope
was interfaced with a Quantex (Quantex Corporation, Sonny-
vale, California, USA) imaging system. For these experiments,
the cells were grown in a modified Ussing chamber in which the
substratum membrane is separated from the objective of the
microscope (63/1.2 Zeiss, Germany) by a capillary space and a
thin glass coverslip (Fisher Scientific, Pittsburgh, Pennsylvania,
USA). The objective working distance was 500 micrometers.
Fluorescence was measured on 276 cells in four experiments.
The same equipment was utilized for the experiments to deter-
mine the presence of band-3 protein in RCCT-28A cells by
means of a monoclonal antibody to a cytosolic epitope (a
donation from Dr. M. Jennings, UTMB, Galveston, Texas,
USA). The secondary antibody was FITC-conjugated anti-
mouse IgG (ICN Immuno Biologicals, Lisle, Illinois, USA), and
the control was human anti-band-3 antibody.
Statistics
Unless otherwise stated, the results are expressed as means
SEM. Statistical significance was assessed by analysis of
variance using Scheffe's test, population analysis or paired
t-test, as appropriate to the experimental design, (ABSTAT®,
Anderson Bell Corp., Parker, Colorado, USA), [11].
Results
Preliminary experiments in cultures perfused with a HCO
buffered salt solution, pH 7,4,' demonstrated that confluent
The composition of the solution used for the electrophysiology
experiments was, in mM: NaCI, 105; KCI, 5; NaHCO, 25; Na2HPO4, 2;
MgSO4, 1; Na acetate, 10; glucose 8.3, alanine 5, gassed with 95%
O,-5% C02, pH 7.4.
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monolayers of RCCT-28A cells developed a small transepithe-
ha! potential difference (Vt = —0.5 0.3 mV) similar to the
initial description by Arend et at [1]. The apical membrane
voltage was —33 1 mV (N = 16 impalements in 2 prepara-
tions). The transepithelial specific resistance was 246 37 ci
cm2, N = 8. In addition, the rhodamine-peanut-lectin fluores-
cence was quantified by measuring the fluorescence of the
surface of 276 cells in four monolayers. All the cells exhibit
fluorescence; the mean fluorescence was 60 3 (arbitrary units)
in a scale from 0 to 250. The fluorescence was low (2 to 20 units)
in 12% of the cells; intermedia (21 to 80 units) in 66% and high
in 22% (higher than 81 units; Fig. 1). In addition, the presence
of band-3 protein in the basal side of some cells was demon-
strated by immunostaining (Fig. 2). Approximately 15% of the
cells were band-3 positive (basal membrane) with intense fluo-
rescence, 15% of the cells exhibit moderate fluorescence and
the rest did not stain. The apical membranes were not fluores-
cent.
The apical and basal side pH were measured after preincu-
bation in the culture medium for 24, 48 and 72 hours. The
results are shown in Table 1 and demonstrate the establishment
of a significant difference between the apical and basal side pH.
The rest of the experiments consisted of determinations of
H equivalent fluxes assessed from the apical side solution
acidification and were performed in cultures bathed in a low
buffering-power solution, which permits the detection of
changes in apical pH during short abrupt interruptions of the
apical solution superfusion. The basal side was continuously
perfused, maintaining a small delivery of HCO to the prepa-
ration. The apical pH returned to control upon restoration of
the apical superfusion. In control experiments, repeated mea-
surements of JH+ were performed over six periods, each of 10
minutes duration, in which two determinations were performed.
JH+ remained unchanged during the observation time (N =5;
Fig. 3). The solvents utilized were methanol, not to exceed
0.5% in the final solution, and DMSO, not to exceed 0.1% in the
final solution. There was no effect of the solvents on JH+.
Results are reported from studies on passages 8 to 16. When
RCCT-28A cells were studied in the 1 mrvi HEPES solution the
transepithelial potential difference was always about 1 mV.
Table 2 summarizes the effect of apical exposure to amiloride
(1O- M), NEM (5 mM) and OM (100 .tM) on the baseline
and after preincubation in alkaline (low PCO2) solution.
Amiloride did not change JH+ in any of the experimental
conditions. Preincubation in the low-PCO2 medium resulted in
a significant decrease of JH+ from 21 2 to 11 4
nmol min cm.
Addition of NEM to the apical solutions significantly reduced
JH+ in the monolayers incubated in control solutions, while the
change was not significant in cultures preincubated at low
PCO2. In control monolayers, OM added to the NEM contain-
ing medium reduced JH+ further, whereas it had no additional
effect on JH+ in preparations preincubated in low PCO2 me-
dium.
The concentration dependency of the inhibitory effect of
NEM is shown in Figure 4. A maximal inhibitory effect was
observed at 0.5 mri NEM.
To establish the existence of an apical organic-acid pathway
and its possible contribution to the apical acidification, the
effect of probenecid was studied at different concentrations. An
inhibition of acid secretion was demonstrated (Table 3, Fig. 5)
when 8 msi of probenecid was added to the apical solution. In
the presence of apical side probenecid, at concentrations 8 to 10
m, an apical base extrusion was evident (Table 3).
To investigate the role of Cl/HCO exchange in RCCT-28A
cells Cl was removed from the basolateral side solution. This
maneuver resulted in a decrease in net apical acid extrusion
from 26 2 to —3 8 nmol min' cm2, P < 0.03, N = 3.
Studies were also conducted to assess the effect of SCH, an
inhibitor of the H ,K-ATPase of the gastric epithelium [12,
13], on JH+. In the absence of other inhibitors and in 5mM K,
SCH decreased acidification in a dose-related manner (Table 3).
Changes in K concentration in the apical solution (Fig. 6) did
not demonstrate a consistent effect of the response to SCH.2
To corroborate the existence of an apical H-ATPase,
experiments were performed adding different concentrations of
bafilomycin-A to the apical solution to monolayers previously
incubated in control medium. Bafilomycin-A decreased the
initial slope of JH+ as shown in Figure 7 (left), but the effect was
short lasting and was followed, after an average delay of 23 2
seconds, by an increase in apical acidification (see discussion).
In other experiments, the effect of bafilomycin-A was studied in
the nominal absence of K, and the presence of amiloride in the
basal side solution. This approach attempts to avoid the con-
founding effects of stimulation of apical H secretion via the
H ,K-ATPase and of stimulation of apical base equivalent
extrusion secondary to the stimulation of a basal acid secreting
pathway, an effect that would decrease the measured net JH+.
Probenecid was added to the apical solution to eliminate the
2 In other experiments (not reported here) K secretory and reab-
sorptive fluxes exceeded the H fluxes, indicating the presence of an
additional pathway for K absorption or secretion in RCCT-28A cells.
In RCCT-28A cells, using a monoclonal antibody against the 31K
subunit of the bovine H-ATPase, a low intensity cytoplasmic vesicular
staining was demonstrated in 80% of the cells, with an occasional apical
cell staining; no staining was detectable in cells cultured at low PCO2
(personal communication from Drs. B. Bastani and S. Gluck, Jewish
Hospital of St. Louis, St. Louis, Missouri, USA) and results from our
laboratory using the same antibody. (Y. Pan and E. Bello-Reuss,
unpublished observations).
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Fig. 1. Distribution of the relative fluorescence to rhodamine-labeled
peanut lectin. The mean fluorescence is 60 3 (arbitrary units). N =
276 cells, in four monolayers.
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Fig. 2. Fluorescence to the band-3 antibody was found only in some of the cells, as demonstrated in this example. A. Focusing at the apical
membrane, fluorescence is present only in the cell periphery (arrow). B. Demonstrates intense fluorescence (arrow) as the focus is displaced to the
bottom of the cells.
Table 1. Apical and basal side pH changes after 24, 48 and 72 hours
of incubation
24hr 48hr 72hr
pH units
z Apical —0.30 0.12 —0.61 0.11 —1.08 0.35
Basal +0.11 0.02 +0.32 0.21 +0.02 0.19
N 6 3 2
P < 0.001 <0.01 <0.03
(—) denotes acidification, (+) denotes alkalinization from incubation
medium (pH 7.5). Paired 1-test comparison between the change in apical
vs. the change in basal side pH polarity.
contribution of the organic pathway4 to apical acidification.
Under the described experimental conditions an inhibition of
apical acidification was demonstrated and an apical base-
extrusion was evident [Table 3, Fig. 7 (right)].
Discussion
The RCCT-28A cell line originated from rabbit renal cortical
collecting tubule cells by immunodissection and immortaliza-
tion by infection with the adenovirus Ad12-SV 40 [1]. The initial
characterization by Arend et al [1] demonstrated antigenic and
hormonal responses similar in many respects to the cortical
collecting tubule cells. However, the increase in cAMP produc-
tion in response to calcitonin suggests a deviation from the
normal hormone-response expression of CCD or a different cell
origin, since calcitonin increases cAMP production in connect-
ing tubules. (Hormonal characterization and discussion of cell
origin for this cell line are in [1]). Arend et a! [11 suggested that
the RCCT-28A cells are similar to the intercalated cell of the
collecting tubule. Since, in response to AYP, the monolayers
failed to develop transepithelial resistance and the cAMP pro-
duction increase was small (1.48-fold), it was considered un-
Lactate secretion by RCCT-28A cells has been previously demon-
strated in our laboratory (P. Tyler and E. Bello-Reuss, unpublished
observations).
-iiiiii
Periods
Fig. 3. Apical JH+ was measured during six periods of 10 minutes
each, under control conditions. In each period two determinations were
performed. There were no significant differences on JH+ during the
observation time (N = 5).
likely that these monolayers consisted of functional principal
cells. Furthermore, 100% of the cells were peanut-lectin (+), a
trait that was considered a marker of the /3-intercalated cell
(bicarbonate-secreting cell) of the rabbit cortical collecting
tubule [21. Our observations corroborate the small transepithe-
hal voltage and the presence of a weak apical labeling fluores-
cence upon exposure to fluorescent-peanut-lectin as reported
by Arend et al [11. However, differently from Arend Ct al's
results, a significantly measurable resistance was found. The
finding might represent a change in the cell line character after
several passages since cells after passage 4 always developed
resistance larger than 160 fl cm2 (results not shown). In
addition, and also in discrepancy with the results from Arend et
al, the antibody against band-3 protein labeled the basolateral
membrane of some of the cells. This discrepancy may be
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N Basal A
A+
NEM
A+
NEM
+ OM
Control pH 7.5 7 21 2 23 1 12 ia 2 2b
Low PCO, pH 8.5 4 11 4C 15 2 2 5 6 7
apparent and due to the use of a more sensitive fluorescence
detection equipment and computerized background subtrac-
tion. These facts, together with the recent report that these cells
contain carbonic anhydrase [14], further suggest that the
RCCT-28A cell line might express characteristics of the inter-
calated cells of the cortical collecting tubule. Therefore, exper-
iments were designed to elucidate the mechanism of acid-base
transport by the monolayers. We observed that, contrary to
expectations, RCCT-28A cells secrete protons to the apical
side. Nevertheless, Schuster et al [15] reported that, in the
rabbit, some peanut-lectin-positive cortical collecting duct in-
tercalated cells, especially those in which the peanut-lectin
binding was weak, express the band-3 antigen in the basolateral
membrane. The authors reported 13% of intercalated cells from
the segment demonstrated bright apical lectin staining and
apical H-ATPase ("hybrid cells"). These findings support the
presence of both a- and n-intercalated cells or a "hybrid cell"
with features of both types of intercalated cells constitute the
RCCT cell line.
Acid extrusion mechanisms
The method used to study proton secretion, by measuring
changes in the apical pH of a poorly buffered solution, has been
used by others for the same purpose [10]. It requires careful
measurement of the buffering power of all solutions used in the
experiments and of the volume of the apical solution. It
provides reproducible measurements from which H fluxes can
be easily calculated. The apical acidification by RCCT-28A cell
was stable, in baseline conditions, during a period of time
equivalent to the duration of the experiments. We observed that
20 hour preincubation of the monolayers in alkaline pH solu-
tions resulted in a substantial decrease of JH+. This effect is
observed after the monolayers have been returned to the
HEPES solution for 30 to 60 minutes. During this period, both
changes in pH and cell volume may have been corrected or
partially restored [16], suggesting a "memory" effect, that is,
the intracellular signal relating ApH0 to decrease JH+ persists
or the effect on pump number or pump kinetics persists. This
change was not reversible upon the duration of the experiments
(60 to 80 mm).
In the small number of reported experiments neither NEM or
OM significantly modified JH+. The lack of effect of OM could
be due to lack of activation in an alkaline environment and or to
an extended, nonspecific effect of NEM inhibiting both H and
H ,K-ATPase. Further studies will be required to determine
if preincubation in alkaline (low PCO2) solutions selectively
modifies the transporters and the mechanism involved in such
modification.
Amiloride from the apical side did not modify apical H-
extrusion, supporting the notion that Na/H exchanger is not
present at the apical membrane of intercalated cells [17].
However, it is possible that the removal of Na or the use of
more potent inhibitors of Na-H exchange are required to
ascertain the absence of the transporter. The interpretation of
these results is complicated by the possibility of activation of
additional acid-secreting pathways when specific transporters
are inhibited. These experiments do not exclude the existence
of a Na/H exchange that is non-operating at basal conditions.
Intracellular pH determinations will be required to clarify this
question.
Part of the apical proton secretion by RCCT-28A cells was
NEM inhibitable. NEM is, however, a nonspecific inhibitor of
transport mechanisms [detailed in 3] and thus the confirmation
of the presence of a H-pump in the apical membrane of these
cells requires the use of bafilomycins [18] and/or immunocyto-
chemical techniques [3, 19]. Experiments performed in Dr.
Gluck's laboratory using bovine anti-H pump antibody re-
vealed the presence of vesicular H-ATPase in this cell line. (B.
Bastani and S. Gluck, personal communication). Apical linear
staining was either not present or minimal under the experimen-
tal conditions. Using the Quantex imaging system described in
the Methods section, we confirmed the presence of vesicular
H-ATPase (Y. Pan and E. Bello-Reuss, unpublished observa-
tions). Even though a difference in staining was observed
between the cells cultured at normal and alkaline pH, the
relevance of the vesicular staining to the acid secretion mech-
anisms remains obscure. The results from the bafilomycin-A
experiments corroborate the existence of a H-ATPase at the
apical side. Bafilomycins are antibiotics derived from strepto-
myces of which the type A has been described as a potent
Table 2. Effects of amiloride (A), N-ethylmaleimide (NEM) and
omeprazole (OM) on JH+
Experiments were performed after 24 hours of incubation in control
or low PCO, media. Changes in the pH of the apical solution were
measured as described in Methods. JH+ was determined during 10
minutes experimental periods. The time elapsed during the experiments
did not exceed 60 minutes. JH+, in nmol min cm2. N =number
of experiments.
Basal denotes perfusion in HEPES-solution, pH 7.4, in absence of
inhibitors. Scheffe's test: P < 0.005 or better a Basal or A vs. A +
NEM; b Basal or A vs. A + NEM + OM. Basal vs. A no significant
statistical difference. A + NEM vs. A + NEM + OM, P < 0.001.
Unpaired t-test, P < 0.02 control basal vs. low PCO2 basal.
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Fig. 4. Concentration dependency of NEM. Inhibition of JH+ as a
function of the concentration of NEM in the apical solution bathing
RCCT-28A cell monolayers.N = 5.
[20 mM] Fig. 5. An example of the effect of
probenecid on apical acidification. In this
case, a concentration of 6 m abolished
30 seconds apical acidification.
functional on the apical membrane of these cells. Since (a) an
ouabain-insensitive, K-activated ATPase has been identified
in rabbit CCT [5], (b) there is evidence for H,K-ATPase
immunostaining in the cortical collecting tubule [6], and since
(c) RCCT-28A cells originated from the CCT segment, the
presence of H ,K-ATPase was considered plausible, although
its apical localization was uncertain. In RCCT-28A cells, se-
lected for the larger expression of peanut-lectin binding, the
presence of H ,K-ATPase has been demonstrated by immu-
noblotting (M. Okusa and M. Kaplan, personal communication,
and this issue). The inhibitory effect of OM on gastric acid
secretion requires its transformation at low pH, into a cyclic
sulfonamide. This form reacts covalently with SH residues of
the H,K-ATPase and inhibit acid secretion [20—26]. The
effect depends upon the presence of a luminal acid compart-
ment [27, 281. Accordingly, the possibility of an effect of OM on
RCCT-28A cells was somewhat unexpected since the pH of the
apical solution was 7.4, although it could be speculated that the
microenvironment at the apical microvilli could have become
more acid due to H secretion, since stopping the apical
superfusion for the measurement of bulk solution pH necessar-
ily results in unstirred-layer effects, However, the effect of OM
can be exerted on the H-pump [29], and consequently the
observed decrease on JH+ cannot be attributed as an effect on
the H,K-ATPase.
Further support for the existence of a H ,K-ATPase in
RCCT-28A cells derives from experiments using SCH. This
compound competitively binds to the K site of the gastric
H ,K-ATPase, although it also inhibits the Na ,K-ATPase
with a higher Km [13, 301. We observed that SCH also dimin-
ished JH+ in RCCT-28A monolayers, and that the same effect
was elicited by removal of K from the apical solution. How-
ever, the experiments aimed to study the K dependency of
SCH were not conclusive. Kinetic analysis was not performed
since it is likely that other H secreting mechanisms contribut-
ing to apical acidification are stimulated during SCH inhibition
of H,K-ATPase and the K fluxes largely exceeded the H
fluxes, indicating an additional mechanism of K transport in
7.24
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7.36
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Control
[2 mM]
[4 mM]
[6mM]
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[10 mM]
T
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Fig. 6. The effect of Schering 28080 on apical acid jfi cation was modi-
fied by the [K] in the apical solution, Symbols are: (0)0.1 M; (•) 10
phi; (V) 100 M. In these experiments no other inhibitors of H
secretion were used.
inhibitor of the vacuolar ATPase [18]. As expected, bafilomy-
cm-A was an extremely potent inhibitor, with maximal inhibi-
tion at concentrations of 10 n. These experiments were
performed in the presence of basal amiloride, since preliminary
intracellular pH measurements indicated the presence of an
amiloride-inhibitable basolateral H extrusion mechanism.
Stimulation of basal acid secretion could potentially induce
apical base extrusion and give a decreased apical net JH+. The
recovery of apical acidification after bafilomycin-A addition, in
the absence of probenecid or K removal, corroborates the
notion that other H-secreting pathways can be activated or
stimulated in the presence of inhibitors.
Supramaximal doses of NEM inhibited acid secretion by
about 60%. The remaining JH+ was abolished by the addition of
OM. OM is a well characterized, but nonspecific inhibitor of the
gastric H ,K-ATPase. In principle, an inhibitory effect of OM
on J+ supports the possibility that a H,K-ATPase is
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Table 3. Effect of probenecid, Schering 28080, and bafilomycin-A on apical acidification
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Probenecid
Basal 1 mri 3 m mss 6 mti 8 mrs 10 mrs 20 mri Recovery
12±2 8±4
Basal
18±1
7±2
0.1 M
18±1
4±2 0±2
Schering 28080
1 M
7±1
Bafilomycin-A
—3±2
10 /SM
0.5±2
—7±2 —14±2
100 p.M
—2±1
13±3
Basal Solution 1 2 nM 5 riM 10 nM 20 flM 50 nM 100 nM 200 n Recovery
21±3 7±2 —5±1 —10±3 —13±4 —14±5 —8±1 —7±1 —9±1 21±4
Experiments were performed after 24 hours incubation in control medium. JH+ was determined during ten-minute experimental periods
(Methods). Because the probenecid and bafilomycin-A experiments were prolonged (more than 90 mm) a recovery period consisting in a return to
control solution was added to the end. JH+ in nmol min cm2. Results are mean SE. Statistical significance is established by analysis of
variance. Scheffe's test of probabilities: basal vs. inhibitor p < a 0.oI;" 0.001; ' 0.0001. Basal vs. recovery, P = 0.99; probenecid, N = 7; Schering
28080, N = 4;bafilomycmn-A, N = 9. Solution 1 is the perfusion solution described in Methods: nominally [K] free, additioned of probenecid (10
mM) at the apical side and amiloride (10—s M) basal side.
Fig. 7. A. Example of the effect of
bafllomycin-A on apical acidification. The
b upper curve (a) demonstrate the change in
apical pH as superfusion is stopped. (b), (c)
and (d) Effect of bafilomycin-A, 10, 200 and
400 nM, respectively. After an initial decrease,
C JH+ increases indicating the stimulation of an
acid excreting pathway at the apical side. B.
Example of the effect of bafilomycmn-A on
d apical acidification. The upper curve (a)
e demonstrates the baseline change in apical pH
as superfusion is stopped. (b) Effect of apical
probenecid (10 mM) in nominally [K] free
solutions. (c) Addition of amiloride to the
basal side solution. (d) and (e) Effect of
bafilomycin-A, 5 and 10 n, respectively.
RCCT-28A cells (P. Tyler and E. Bello-Reuss, unpublished
observations).
We conclude that RCCT-28A cells have the capacity to
acidify the apical side solution due, most likely, to the coexist-
ence of two pumps, namely H-ATPase and H ,K-ATPase,
at the apical membrane. There is also evidence for the presence
of an organic anion extrusion pathway inhibitable by probene-
cid. The mechanism of inhibition of acid extrusion by probene-
cid, a well known inhibitor of the organic anion-transporter
pathway, was not studied, nor was its Na dependency. These
experiments indicate the important contribution of organic acid
production to the apical acidification. However, at least in some
of the cultures (Fig. 7), doses of probenecid which we would
suited only in a partial reduction of apical acidification. Thus,
other mechanisms of acid production must be present.
The proton secretion was modulated by preincubation at high
pH, and a more detailed evaluation of modulation by pH
changes is provided in the accompanying publication [311.
NEM and OM decreased JH+, a result that was not statistically
significant due to large variability in the response. This result,
nevertheless, suggests the suppression of a remnant acid secre-
tion. The observation of apical acidification in the described
experiments cannot be taken as evidence for transepithelial
fluxes of protons. The source of protons could be to some
extent from metabolic CO2 production, intracellular lactic acid
production, or bicarbonate reabsorption. However, when api-
A B
7.1
6.9
7.07.2
7.1
7.3 I 7.20.
7.4 7.3
7.4
a
7.5
30 seconds
7.5
30 seconds
have expected to completely inhibit apical acid extrusion re- cal and basal side pH were measured in the incubation media
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after confluency, the apical pH was found to decrease and the
basolateral pH to increase slightly, indicating the capacity of
these cells to establish a transcellular proton gradient.
Base extrusion mechanisms
The existence of a C1/HCO exchange in the basolateral
side can be postulated based in the demonstration of basolateral
staining for band-3 together with the results of C1 removal
experiments. C1 removed from the basolateral side abolished
acid secretion. This observation is in agreement with the notion
that apical acid secretion is accompanied by HCO basolateral
exit. The mechanism of HCO exit is thought to be due to the
activity of a Cl/HCO exchange [32]. Accordingly, basolateral
C1 removal will stop the HCO exit, alkalinize the cell, and
decrease apical H secretion [17]. As mentioned above, Arend
et al [11 reported that the antibody against band-3 protein did
not label these cells but, in our hands, the antibody provided by
Dr. M. Jennings against band-3 protein [21 (the red cell anion
exchanger which labels the basolateral membrane of acid
secreting cells of the collecting tubule), labeled a portion of the
cells in the monolayer. Nevertheless, it is also possible that
HCO apical extrusion could be increased under the described
experimental conditions, if a C1 conductive pathway exists at
the basolateral side of cells that possess an apical Cl—/HCO
exchange, as reported by Furuya, Breyer and Jacobson [33] for
cortical collecting duct cells. Thus, apical base extrusion would
be stimulated by decreases in intracellular Cl— during basolat-
eral C1 removal, decreasing JH +.
van Adelsberg et al [341, have reported on the isolation and
culturing of HCO-secreting intercalated cells selected by
peanut-lectin binding. The monolayers were contaminated with
fibroblasts and transported Na, (an attribute of principal cells)
but, in contrast to the RCCT-28A cells, acid secretion was not
observed. This may be explained by the fact that differentiation
is better preserved in primary cultures than in cell lines,
although the existence of hybrid cells in CCT has been reported
[15]. The resistances and voltages reported in van Adelsberg et
a! were, however, similar to the one reported here. It is of
importance to note that, during inhibition of JH+ by probenecid
and bafilomycin-A, a net apical base extrusion was observed,
indicating the presence of an apical base-secreting mechanism
masked by the larger acid secretion. The demonstration of
apical acid and base transporters operating simultaneously (or
sequentially) in RCCT-28A cells is compatible with the follow-
ing explanations: (1) RCCT-28A cells have mixed properties of
a- and /3-cells; (2) the RCCT-28A cells are able to differentiate
into two or more types or cells which coexist in the monolayers
as they do in the cortical collecting duct; (3) the cells are able to
interconvert from one cell type to another [35]. Further exper-
iments are necessary to identify the cellular location of the
transporters and the modality of their regulation.
In conclusion, RCCT-28A cells cannot be considered a model
of the bicarbonate-secreting intercalated cell, as their peanut-
lectin staining suggested, nor of the acid secreting cell of the
collecting duct. Collectively they exhibit a number of features
in common with the intercalated cells of that segment, as apical
acid and base extrusion were observed under different experi-
mental conditions. Intracellular determinations of pH will be
required to identify the expression of a and /3 cell properties in
one cell or the coexistence of more than one cell type in the
cultures, as suggested by the preferential location of band-3 in
some of the cells. The hypothesis of interconversion of cells
from acid to bicarbonate secretors, pioneered by Schwartz,
Barasch and Al-Awqati [35] cannot be excluded as the expla-
nation for some of these results. The complex arrangement of
transporters exhibited by RCCT-28A cells could be useful for
studies of cell organization and regulation studies. They might
be appropriate also for the study and isolation of the individual
transporters that they possess.
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